Bordetella pertussis is a gram-negative bacterial pathogen that colonizes the human respiratory tract, leading to a severe paroxysmal coughing disease known as whooping cough. In the absence of a human challenge model of B. pertussis infection, studies of respiratory tract colonization and disease caused by B. pertussis have been limited to animal models, of which the most well established and frequently used is the mouse intranasal inoculation model. In this model, although overt symptomatic disease is not elicited, several characteristics of the human infection are reproduced, such as multiplication and clearance of the bacteria, limitation of infection to the respiratory tract, increased severity of infection in young animals, and various systemic physiological changes (8, 25, 29, 37) . Recent studies have shown that this may also be a useful model for the preclinical assessment of acellular pertussis vaccine efficacy (6, 19) . However, several aspects of the pathogenic mechanisms employed by B. pertussis and the immune response to this infection remain poorly understood.
Pertussis toxin (PT) is a multisubunit exotoxin that is uniquely produced by B. pertussis and is considered one of the important virulence factors of B. pertussis. The holotoxin has an AB 5 structure (33, 35) consisting of an enzymatically active A subunit (S1) that ADP-ribosylates the alpha subunits of several heterotrimeric G proteins in mammalian cells (12, 22) and a B oligomer that binds unidentified glycoconjugate receptors on cells (2, 39) . PT disrupts signaling pathways in mammalian cells with a wide range of downstream effects (28, 40) . When administered to experimental animals, purified PT can elicit almost all of the systemic symptoms associated with pertussis disease in humans, such as lymphocytosis, insulinemia or hypoglycemia, and histamine sensitivity (21, 23, 24) , but its role in the severe coughing disease is uncertain. It is also unclear whether PT has a role in initial respiratory tract infection and colonization by B. pertussis. Early studies with Tn5 mutants of B. pertussis deficient in PT production demonstrated a reduced lethality for intranasally inoculated infant mice and a more rapid clearance from the lungs after a sublethal dose compared to the wild-type strain (5, 37, 38) . Similar effects on virulence in 3-to 4-week-old mice were reported for a different pair of PTdeficient mutants of B. pertussis (13) . Data from a more recent study demonstrated that a PT-deficient mutant of B. pertussis showed a similar time course profile of colonization in 4-weekold intranasally inoculated mice as the wild-type strain (1) . Collectively, these data indicate a role for PT in the overall virulence of B. pertussis in respiratory tract infection but do not provide evidence of a role for PT in initial colonization. In this study, we assessed the role of PT as a colonization factor for B. pertussis in the respiratory tracts of young adult mice. From our results, we conclude that PT is a significant colonization factor that plays an early role in this host-pathogen interaction.
MATERIALS AND METHODS
Bacterial strains and growth conditions. B. pertussis strains used in this study were streptomycin-and nalidixic acid-resistant derivatives of Tohama I (11), W28 (Wellcome), and 18323 (ATCC 9797). The ⌬PT (mutant strain with an in-frame deletion of the ptx genes encoding PT) and PT-9K/129G (26) derivatives of these strains were constructed as described below. The ⌬BVG strain contains a deletion of the bvgA and bvgS genes, with replacement of this region by a kanamycin resistance gene, and was constructed as previously described (17) . B. pertussis strains were grown on Bordet-Gengou agar (Difco) plates containing 15% defibrinated sheep blood (BG-blood agar plates) and the following antibiotics at the indicated concentrations when necessary: streptomycin (400 g ml Ϫ1 ), nalidixic acid (20 g ml Ϫ1 ), gentamicin (10 g ml Ϫ1 ), or tetracycline (15 g ml Ϫ1 ). B. pertussis strains were also grown in Stainer-Scholte liquid medium (32) containing heptakis-dimethylcyclodextrin (Sigma). Escherichia coli strain DH10B (27) was used for standard cloning experiments, and E. coli strain S17.1 (30) was used for conjugation with B. pertussis; these strains were grown on Luria-Bertani agar plates containing the following antibiotics at the indicated concentrations when necessary: gentamicin (10 g ml Ϫ1 ) or tetracycline (15 g ml Ϫ1 ). Plasmid and strain construction. An in-frame deletion of the ptx genes ( Fig.  1 ) was derived by PCR amplification of two fragments from the ptx region, an upstream fragment (containing sequence encoding the first 9 amino acids of the S1 subunit signal peptide) (amplified by using oligonucleotide primers 947 [5Ј-GATAGAATTCGGAACCGACCCCAAGATAA-3Ј] and 948 [5Ј-GATTGGA TCCTTGGCGAATTGCCCGAGT-3Ј]) and a downstream fragment (containing sequence encoding the last 25 amino acids of the S3 subunit) (amplified by using oligonucleotide primers 949 [5Ј-GATAGGATCCGACTACGAGGACGC CACA-3Ј] and 950 [5Ј-GATATCTAGAGGGTGCAGCCCTTGAAAA-3Ј]). The fragments were doubly digested with EcoRI/BamHI and BamHI/XbaI, respectively, and ligated with EcoRI/XbaI-digested pJHC1 (15) to derive the plasmid pJ-⌬PT. The correct deletion and flanking sequences were confirmed by restriction enzyme digestion and DNA sequencing. The plasmid was transformed into E. coli S17.1 and then introduced into the B. pertussis chromosome by conjugation and allelic exchange as described previously (34) . Exconjugants were screened by PCR amplification using oligonucleotides 105 (5Ј-GCGAATTCAG CCCTCCAACGCGC-3Ј) and 763 (5Ј-CAGCAGATAACGAGCGAT-3Ј) to identify strains with the ⌬PT deletion. Plasmid pJ-PT-9K/129G was obtained by subcloning a 2.3-kb EcoRI/BsrGI fragment (containing the ptxA and ptxB genes) from pS-PT-9K/129G (a 4.6-kb EcoRI fragment containing all the ptx genes inserted into the allelic exchange vector plasmid pSS1129) (4) into EcoRI/ Acc65I-digested pJHC1. The PT-9K/129G mutation (encoding inactivating replacements of Lys for Arg9 and Gly for Glu129 in S1) (26) was then introduced into the B. pertussis chromosome by conjugation and allelic exchange, and exconjugants with the mutation were identified by PCR amplification using oligonucleotides 953 (5Ј-CGCCACCGTATACAAG-3Ј) and 954 (5Ј-GGTGTGCCA GATACC-3Ј).
Colony hybridization. B. pertussis colonies were patched onto nitrocellulose disks (Millipore) on BG-blood agar plates. After the colonies were grown for 2 days at 37°C, the disks were removed, and colony hybridization was performed as previously described (3), using 32 P-labeled oligonucleotide 1048 (5Ј-GTAGTC GGATCCTTGGCGA-3Ј) (which spans the deleted sequence of the ⌬PT construct and therefore hybridizes only with ⌬PT colonies).
Western blotting. Trichloroacetic acid precipitates of B. pertussis culture supernatants were prepared as described previously (4) and analyzed by Western blotting with S1-specific monoclonal antibody 1C7 to confirm the lack of PT production by ⌬PT strains. For PtlF expression, trichloroacetic acid precipitates of B. pertussis suspensions were prepared as described previously (9) and analyzed by Western blotting with a PtlF-specific mouse polyclonal antibody (generously supplied by Drusilla Burns).
PT preparation. PT and PT-9K/129G were prepared from B. pertussis culture supernatants by the fetuin affinity method of Kimura et al. (14) , resuspended in phosphate-buffered saline (PBS), and stored at Ϫ80°C until use. The protein concentration was determined by the bicinchoninic acid (BCA) assay (Pierce), and the presence or absence of toxin activity was assessed by a CHO cell clustering assay (10) .
Mouse infection. Six-week-old female BALB/c, C57BL6, or SCID (BALB/c background) mice (Charles River Laboratories or Harlan) were used for infection experiments. Inocula were prepared by plating B. pertussis strains from frozen culture and growing for 3 days at 37°C on BG-blood agar plates with streptomycin. The strains were then transferred to new plates and grown for two additional days. Bacterial cells were taken from the plates and resuspended, and appropriate dilutions were made in sterile PBS. Mice were lightly anesthetized with Metofane (Medical Developments Australia) and inoculated intranasally with 20 l of the inoculum, which was also diluted and plated on BG-blood agar plates with streptomycin to determine the viable count. At the indicated time points, mice were sacrificed by carbon dioxide inhalation, the respiratory tract (trachea and lungs) was removed and homogenized in 2 ml of PBS, and dilutions were plated on BG-blood agar plates with streptomycin. Four days later, the number of CFU per respiratory tract was determined and normalized to take into account small differences in viable counts of the inocula. Statistical analysis was performed using a t test of the normalized data. For PT administration experiments, intranasal administration was performed as described above, while systemic administration was performed on anesthetized mice by injection of 2 ng of PT (in 100 l of PBS) in the left rear leg muscle (intramuscular), in the peritoneal cavity (intraperitoneal), or under the skin in the scruff of the neck (subcutaneous).
BAL. Mice were sacrificed by carbon dioxide inhalation, and the respiratory tract was exposed by dissection. A small incision was made near the top of the trachea, and a blunt-ended 20-gauge needle was inserted and tied in place with surgical thread around the trachea. Bronchoalveolar lavage (BAL) fluid was obtained by filling the lungs with 0.8 ml of PBS and withdrawing as much of the liquid as possible (this procedure was performed two times). BAL fluid samples were centrifuged to pellet the cells, and the supernatant was stored at Ϫ80°C. BAL cells were resuspended in 1 ml of medium, and aliquots were removed for counting on a hemocytometer and for cytospin centrifugation onto a microscope slide, followed by staining with modified Wright stain to identify the cell type. To determine the percentage of neutrophils in these samples, 100 cells from several microscopy fields were identified.
RESULTS
Construction and analysis of a PT deletion strain. An inframe deletion of the ptxA to -E genes (encoding the five PT subunits) was constructed in the Tohama I background (Fig.  1A) . The resulting strain (⌬PT) was compared to a parental strain (called WT) emerging from the same conjugation (which was used as the wild-type strain for mouse infection experiments) for growth characteristics in vitro, and no differences were observed (data not shown). Western blotting and CHO cell clustering assays were used to confirm the lack of PT production by ⌬PT (data not shown). Two approaches were taken to confirm that the deletion in ⌬PT did not affect ex- pression of the downstream ptl genes (within the same operon as the ptx genes and encoding the type IV secretion system for PT secretion by B. pertussis) (16) . First, secretion of PT was restored by introducing plasmid pL-PT (ptxA to -E genes subcloned in pNMD603) (15) into ⌬PT (data not shown). Second, Western blotting revealed similar expression of PtlF (one of the proteins encoded by the downstream ptl genes) in ⌬PT and WT (Fig. 1B) , while no PtlF expression was detected in ⌬BVG, a mutant strain with a deletion of the virulence regulatory locus bvg (confirming that expression of the protein detected in this Western blot is regulated by Bvg). Therefore, ⌬PT differs from WT putatively only by the lack of PT production.
Respiratory tract colonization of mice by WT and ⌬PT strains. Six-week-old female BALB/c mice were intranasally inoculated with a range of doses of either WT or ⌬PT, and respiratory tract colonization was assessed 7 days later. ⌬PT showed a significant defect in colonization (reduction of 1 to 2 log 10 units) at all doses tested ( Fig. 2A) . The time course of colonization by these two strains in BALB/c mice was monitored after inoculation with 5 ϫ 10 5 CFU. WT showed a characteristic increase in colonization with a peak at day 7 postinoculation, followed by gradual clearance of the infection over the next 2 weeks (Fig. 2B ). In comparison, ⌬PT showed a defect in colonization at all time points and a more rapid clearance (Fig. 2B) , although an increase to a peak at day 7 postinoculation was still observed. This experiment was repeated (with fewer time points) in C57BL6 mice, and a similar profile of colonization for each strain was observed, with ⌬PT once again showing a colonization defect until clearance at 21 days postinoculation (Fig. 2C ). This demonstrates that the colonization defect associated with ⌬PT is not restricted to a particular mouse genetic background. Of particular interest was the observation that the defect in colonization by ⌬PT was apparent early in the time course, by day 1 to 2 postinoculation ( Fig. 2B and C) . Overall, these data demonstrate that PT plays a role in the host-pathogen interaction that allows optimal colonization of the mouse respiratory tract by B. pertussis. In support of this conclusion, by using this infection model, we have obtained additional data (not shown) demonstrating a significant defect in the peak colonization of ⌬PT strains in W28 and 18323 B. pertussis backgrounds and also of strain Tohama I PT-9K/129G, which produces an enzymatically inactive form of PT.
Mixed infection with WT and ⌬PT strains. To determine whether ⌬PT is also at a competitive disadvantage when coinfecting mice with WT, we performed mouse infection experiments with inocula consisting of WT and ⌬PT mixed together in different ratios. For a preliminary control, we mixed the two strains in the same ratios, grew them in Stainer-Scholte medium, plated aliquots at various time points, and determined the ratio of the strains by colony hybridization. The ratios remained equivalent to the starting ratio throughout the growth of the cultures (data not shown), demonstrating that ⌬PT has no competitive disadvantage versus WT during in vitro growth. Six-week-old female BALB/c mice were intranasally inoculated with 5 ϫ 10 5 CFU of mixtures of WT and ⌬PT at ratios of 10:1, 1:1, and 1:10, and respiratory tract colonization and the ratio of the colonizing strains were determined on days 2, 8, and 15 postinoculation. As shown in Fig. 3A , the time course of colonization followed the normal pattern for each mixture, with the peak of colonization at day 8 postinoculation. When the ratio of the two strains recovered from each infection was determined by colony hybridization, results showed that the starting ratios did not change significantly throughout the course of infection (Fig. 3B ). Even with a starting WT/⌬PT ratio of 10:1, the mutant strain was not significantly outcompeted at the peak of infection. In each case, there was a slight increase in the proportion of WT over the time course of infection, most notably at the 1:10 starting ratio, though the relatively high proportion was largely due to the exclusively WT colonies emerging from one mouse. 
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Another important result from these experiments was the observation that ⌬PT colonized at higher levels in the mixedstrain infection than in the single-strain infections shown previously (Fig. 2) . For example, in the 10:1 ratio inoculum, the number of ⌬PT bacteria was 5 ϫ 10 4 CFU, a dose that previously gave a mean peak (day 7) colonization of 3.3 ϫ 10 3 CFU (Fig. 2A) . However, in the mixed infection at this ratio, the number of colonizing ⌬PT bacteria at the peak of infection was approximately 10 5 CFU. The increase in ⌬PT colonization was also apparent in the 1:1 ratio experiment, but not in the 1:10 ratio experiment, where the proportion of WT was low and the overall colonization level was lower than in the other mixed infections. We repeated this experiment with B. pertussis W28 WT and ⌬PT strains and observed essentially the same results (data not shown), demonstrating that this result is not peculiar to the Tohama I strain. These results demonstrate that ⌬PT is not at a significant competitive disadvantage versus WT in a mixed infection and instead suggest that ⌬PT gains an advantage for colonization from the presence of WT in the same infection. Although this is not definitive evidence identifying the role of PT in B. pertussis colonization, the data are more consistent with the idea that PT is a soluble factor that can benefit all B. pertussis bacteria present in an infection than its previously reported role as a bacterial adhesin (36) .
Effect of coadministration of purified PT on ⌬PT colonization. To test further the idea that PT can act as a soluble factor to promote ⌬PT colonization, we performed mouse infection experiments in which we coadministered purified PT or the inactive PT-9K/129G mixed with the bacterial inoculum. Sixweek-old female BALB/c mice were intranasally inoculated with a mixture of approximately 4 ϫ 10 5 CFU of either WT or ⌬PT and 200 ng of purified PT or PT-9K/129G (or an equivalent volume of PBS for a control), and respiratory tract colonization was assessed 4 days postinoculation. The results showed that coadministration of PT, but not PT-9K/129G, significantly increased the colonization level of both WT (P Ͻ 0.01) and ⌬PT (P Ͻ 0.005) versus the PBS control (Fig. 4A) . Indeed, coadministration of this amount of PT increased the colonization of ⌬PT to a level significantly higher than that of the WT and PBS control (P Ͻ 0.01), demonstrating that the presence of soluble PT could more than compensate for the lack of PT production by ⌬PT to promote respiratory tract colonization. Coadministration of PT-9K/129G did not significantly decrease the colonization level of WT (Fig. 4A) , indicating that there is no blocking or steric hindrance of the PT produced by WT.
To determine the minimal level of purified PT that could enhance ⌬PT colonization, we performed dose-response experiments comparing the effect of coadministration of smaller amounts of PT on ⌬PT colonization (4 days postinoculation with approximately 5 ϫ 10 5 CFU). The results showed that as little as 800 pg of PT could increase ⌬PT colonization to WT levels (Fig. 4B) , and even 160 pg of PT significantly increased ⌬PT colonization versus the PBS control. Remarkably, coadministration of as little as 10 ng of PT increased the colonization (4 days postinoculation with approximately 5 ϫ 10 6 CFU) of an avirulent B. pertussis mutant strain (⌬BVG, which lacks expression of all known virulence factors) to detectable levels (Fig. 4C) , whereas no bacteria were recovered from the control mice given bacteria mixed with PBS (nor have we ever previously recovered any bacteria from mice infected with this strain). Overall, these data demonstrate the powerful colonization-enhancing effect that PT possesses for B. pertussis infection of the respiratory tract.
Effects of alternative routes of PT coadministration on ⌬PT colonization. Since some of the effects of PT activity are observed systemically during pertussis infection, we asked whether coadministration of PT by systemic routes could also enhance respiratory tract colonization by ⌬PT. One group of 6-week-old female BALB/c mice was intranasally inoculated with a mixture of approximately 5 ϫ 10 5 CFU of ⌬PT and 2 ng of purified PT. Another group was intranasally inoculated with the same number of bacteria mixed with PBS. The other groups of mice were intranasally inoculated with the same dose of ⌬PT, and 2 ng of purified PT was immediately injected via the intramuscular, intraperitoneal, or subcutaneous route. Respiratory tract colonization was assessed 4 days postinoculation, and the results showed that systemic administration of PT by any route did not significantly enhance colonization by ⌬PT versus the intranasal PBS control (Fig. 4D) , whereas intranasal coadministration of PT once again significantly increased ⌬PT colonization. These results suggest that PT plays a role locally at the site of infection in promoting B. pertussis respiratory tract colonization and that its systemic activities may not be important for this aspect of the host-pathogen interaction.
Effect of prior or delayed intranasal administration of purified PT on ⌬PT colonization. We next addressed the question of whether the timing of PT administration relative to bacterial inoculation of mice influenced the ability of PT to enhance colonization by ⌬PT. Two nanograms of purified PT, or an equivalent volume of PBS for a control, was administered intranasally to 6-week-old female BALB/c mice, and groups of mice were intranasally inoculated with approximately 2 ϫ 10 5 CFU of ⌬PT 3, 7, 14, and 28 days later. Another group of mice (day 0) was inoculated with a mixture of the same number of bacteria plus 2 ng of purified PT (as in previous experiments), while the last group (day ϩ1) was administered 2 ng of purified PT intranasally 24 h after the bacterial inoculation. Colonization levels were assessed 4 days postinoculation for all groups. Remarkably, administration of PT up to 14 days prior to bacterial inoculation significantly enhanced colonization by ⌬PT, to the same extent as the simultaneous (day 0) coadministration of PT (Fig. 5 ). This enhancing effect had disappeared by day 28. In marked contrast, there was no enhancement of ⌬PT colonization versus the PBS control when PT was administered just 1 day after the bacteria. The numbers of colonizing bacteria in these day ϩ1 groups were slightly higher than in mice given PBS in other groups, suggesting that intranasal instillation of liquid 1 day after bacterial inoculation may enhance colonization, although since the level was no higher in the PT-administered group than in the PBS-administered group, this effect cannot be assigned to PT activity. Therefore, we conclude that PT plays an early role in the host-pathogen interaction to promote B. pertussis colonization, with a crucial activity within the first 24 h of interaction. In addition, the effect of PT activity on the host that promotes subsequent bacterial colonization is relatively long-lived, maintaining its full effect for at least 2 weeks. Neutrophil influx into the lungs of WT-and ⌬PT-infected mice. Since the effect of PT as a colonization factor appears to be important early in the host-pathogen interaction, we hypothesized that a possible role for PT is to combat innate antibacterial immune functions of the host, which are mechanisms of immunity elicited early after initial infection. One such mechanism for protection against respiratory tract infection is the recruitment to the airways of neutrophils, which can phagocytose and kill bacteria (20) . To test whether PT may affect neutrophil influx into the lungs in the early course of respiratory tract infection by B. pertussis, we performed BAL experiments on mice infected with either WT or ⌬PT. Sixweek-old female BALB/c mice were intranasally inoculated with approximately 5 ϫ 10 5 CFU of either WT or ⌬PT (or PBS as a control), and groups of mice were sacrificed at 6, 12, 24, and 48 h postinoculation either for assessment of bacterial colonization or for BAL. The results showed that in this experiment WT colonization was once again superior to that of ⌬PT by 24 h postinoculation (Fig. 6A) , with the level of ⌬PT colonization failing to increase over the 48-h time course. Analysis of the cell content of the BAL fluid samples (Fig. 6B) revealed that the level of neutrophil influx into the lungs of these mice was relatively low for the first 24 h postinoculation, but at 48 h postinoculation, there was a significantly higher level of neutrophils in the lungs of ⌬PT-infected mice than in WT-infected mice (in which the level remained low and not significantly different than the level in the PBS control group). The total numbers of white blood cells in BAL fluid samples did not differ significantly between groups (data not shown). From these data, we conclude that at least one of the roles of PT as a B. pertussis colonization factor may be the disruption of neutrophil recruitment to the site of infection.
Respiratory tract colonization of SCID mice by WT and ⌬PT. We have recently found that serum antibody responses to several B. pertussis antigens were greater in ⌬PT-infected mice than in WT-infected mice (G. Artamonova and N. Carbonetti, unpublished results), despite the lower colonization by ⌬PT, suggesting that PT may suppress an overall antibody response during B. pertussis infection. Therefore, adaptive immunity may be a target for the colonization-enhancing activity of PT. SCID mice lack T and B lymphocytes and are therefore deficient in adaptive immunity, but they retain a largely intact innate immune system. If the major colonization-enhancing role of PT were to combat innate immunity mechanisms rather than adaptive immunity, then the defect in colonization by ⌬PT seen in healthy mice should also be apparent in SCID mice. To test this prediction, 6-week-old female SCID mice (BALB/c background) were intranasally inoculated with approximately 5 ϫ 10 5 CFU of either WT or ⌬PT, and groups of mice were sacrificed on days 2, 7, and 14 postinoculation for assessment of bacterial colonization of the respiratory tract. The results (Fig. 7) showed that ⌬PT had a significant colonization defect (reduction of 1 to 2 log 10 units) at all time points, consistent with the hypothesis that innate immunity mechanisms are less effective against the WT strain than the PTdeficient mutant. As predicted, the SCID mice failed to show any clearance of either infection by day 14 postinoculation, indicating a role for adaptive immunity in this clearance. However, since the WT strain continued to multiply in the mice after day 7, whereas ⌬PT apparently did not, PT may have additional roles in promoting B. pertussis infection beyond the disruption of innate immunity.
DISCUSSION
PT has been ascribed a dominant role in the overall virulence of B. pertussis (5, 23, 24) , but its specific functions in promoting infection and disease have not been established. It is difficult to identify clues as to the relevant activities of PT for B. pertussis infection from the substantial literature on the numerous and wide-ranging effects of purified PT on cultured cells and experimental animals. This task is further complicated by the widely different doses of PT used and, in most cases, the absence of an inactive PT control (such as PT-9K/ 129G) to determine whether any effects seen can be ascribed to the ADP-ribosylation activity of PT.
We have chosen to investigate the role of PT in B. pertussis infection by using isogenic strains differing only in the presence or absence of PT production in combination with a young adult mouse intranasal infection model. In this way, other bacterial factors that may influence any PT activities are present in this interaction. Using this approach, we have demonstrated that PT plays a significant role in colonization of the respiratory tract. Our Tohama I strain with an in-frame deletion of the ptx genes (⌬PT), with no apparent defect in downstream gene expression (and therefore putatively different from WT only in the lack of PT production), showed significantly reduced peak colonization at a range of doses and at nearly all time points postinoculation. In less extensive studies, we saw very similar results (not shown) when we compared WT and ⌬PT strains in B. pertussis W28 and 18323 backgrounds and when we compared a B. pertussis Tohama I strain expressing the inactive PT-9K/129G to WT. Together these data demonstrate that PT is an important colonization factor for B. pertussis and that the enzymatic activity of PT (rather than just its cell-binding capacity) is necessary for full colonization. It is not clear why a role for PT in B. pertussis colonization has not been observed previously in similar experiments using mouse models of infection (1, 5, 13) . The nature of the specific mutation leading to loss of PT production is different in the different strains used. This led us to confirm that our in-frame ptx deletion did not alter expression of downstream genes and that other in vitro properties of the ⌬PT strain did not differ from the corresponding WT strain. Another possible explanation of the discrepant results is that mice of different ages and strains were used in the studies-the previous studies were performed using either infant or 3-to 4-week-old mice of various different strains. Subtle differences in bacterial dose, preparation of inocula, or handling of mice may also account for the different observed results.
Experiments using mixed inocula consisting of different ratios of ⌬PT and WT bacteria indicated that ⌬PT is not significantly outcompeted by WT at any ratio and furthermore that ⌬PT colonization is enhanced by this mixed infection versus a single-strain inoculation. Although there is more than one possible explanation for this observation, it is most consistent with the hypothesis that PT produced by the WT bacteria benefits all bacteria in the infection, presumably as a soluble factor interacting with host cells. These data do not rule out the possibility that PT can act as a "bridging" adhesin by binding simultaneously to both host cells and bacteria, but this property would presumably be maintained by the strain expressing the mutant PT-9K/129G (whose colonization capacity is reduced to the same level as ⌬PT), making this a less likely explanation. Further support for the idea that soluble PT can enhance ⌬PT colonization was obtained from our experiments with coadministration of purified PT with the ⌬PT inoculum, in which low levels (submicrogram) of PT, but not PT-9K/ 129G, could restore a wild-type level of colonization to ⌬PT. This was true if PT was coadministered at the site of bacterial infection (i.e., the respiratory tract), but not when PT was coadministered at systemic sites, demonstrating that the colonization-enhancing property of PT acts at or near the respiratory tract. This may not seem surprising, but systemic symptoms due to PT activity are a well-recognized part of pertussis infection (in both humans and experimental animals); therefore, we sought to rule out the possibility that these systemic effects contributed to B. pertussis colonization of the respiratory tract. Particularly interesting from this series of experiments was the observation that the colonization-enhancing property of PT was relatively long-lived, with PT administration up to 2 weeks prior to bacterial inoculation giving the same increase in ⌬PT colonization as simultaneous coadministration. This suggests that ADP-ribosylation of target host cells or some downstream effect of this modification is a relatively stable phenomenon. If this is the case, this may be a contributing factor to the longevity of disease in pertussis patients, in which coughing episodes can persist for months.
At least two lines of evidence from our study suggest that PT activity is important for B. pertussis colonization very early after the initial host-pathogen interaction. First, comparison of the time course of infection between the ⌬PT and WT strains revealed that the defect in colonization was apparent even at the earliest time points (24 to 48 h postinoculation). Second, intranasal administration of purified PT just 24 h after bacterial inoculation failed to enhance ⌬PT colonization (versus the PBS control). These observations led us to hypothesize that a possible target of PT activity is innate immunity, the antibacterial mechanisms of which are active early in the host-pathogen encounter. One such immune mechanism relevant to the respiratory tract is the influx of neutrophils into the airways of the lungs, which can directly kill bacteria. In support of our hypothesis, we found that neutrophil influx into the lungs of mice 48 h after infection with ⌬PT was significantly greater than that in the lungs of mice infected with WT, potentially identifying a specific mechanism of antibacterial innate immunity that may be a target for PT activity. It will be interesting to determine whether the neutrophils are directly modified by PT (a distinct possibility, since neutrophil chemotaxis to sites of infection is known to be regulated by PT-sensitive G proteins 
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INFECT. IMMUN. [20, 31] ) or whether other mechanisms inducing neutrophil migration, such as chemokine production, may be altered by PT activity. If the former possibility is true, then PT must be able to diffuse rapidly from the primary site of infection to the underlying tissues and blood vessels in order to interact directly with neutrophils before they have migrated to the airway. If the latter possibility is true, PT may act directly on lung macrophages and/or epithelial cells to alter their production of neutrophil-attracting chemokines. These mechanisms are not mutually exclusive, and both may be significant targets of PT activity contributing to bacterial colonization. Since ⌬PT does however achieve some level of colonization, with bacterial numbers increasing between days 2 and 7 postinoculation, other B. pertussis factors presumably also contribute to defense against innate immunity. A previous report demonstrated a role for adenylate cyclase toxin in combating neutrophils during Bordetella bronchiseptica infection of the mouse respiratory tract (7) . Since this toxin is also produced by B. pertussis and is a significant colonization factor (5, 13), it will be interesting to determine whether this role also holds true for B. pertussis infection.
Since SCID mice exhibit deficient adaptive immunity but possess relatively normal innate immunity, a prediction of the hypothesis that innate immunity is a target for PT is that defective colonization by ⌬PT would also be manifested in SCID mice. Indeed, we found this to be the case, and the lack of clearance of bacteria in these mice at the later time point confirmed that adaptive immunity is responsible for this clearance. However, this does not mean that adaptive immunity mechanisms may not be additional targets for PT activity in promoting overall B. pertussis virulence. A previous report showed that mice infected with a PT-deficient B. pertussis strain had a greater serum antibody response to filamentous hemagglutinin (a surface adherence factor) than mice infected with the wild-type strain (18) . In addition, we have recently found that, despite inferior colonization by ⌬PT, serum antibody responses to several B. pertussis antigens, including Bvgindependent proteins, were greater in ⌬PT-infected mice than in WT-infected mice (Artamonova and Carbonetti, unpublished), suggesting that PT may suppress antibody responses during B. pertussis infection. Therefore, PT may play multiple roles in combating host immune defenses to promote bacterial colonization, in addition to possible roles in eliciting disease associated with pertussis infection.
